Salamanders exhibit extensive regenerative capacities and serve as a unique model in regeneration research. However, due to the lack of targeted gene knockin approaches, it has been difficult to label and manipulate some of the cell populations that are crucial for understanding the mechanisms underlying regeneration. Here we have established highly efficient gene knockin approaches in the axolotl (Ambystoma mexicanum) based on the CRISPR/ Cas9 technology. Using a homology-independent method, we successfully inserted both the Cherry reporter gene and a larger membrane-tagged Cherry-ER T2 -Cre-ER T2 (∼5-kb) cassette into axolotl Sox2 and Pax7 genomic loci. Depending on the size of the DNA fragments for integration, 5-15% of the F0 transgenic axolotl are positive for the transgene. Using these techniques, we have labeled and traced the PAX7-positive satellite cells as a major source contributing to myogenesis during axolotl limb regeneration. Our work brings a key genetic tool to molecular and cellular studies of axolotl regeneration.
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CRISPR/Cas9 | knockin | neural stem cells | regeneration | satellite cells T he axolotl (Ambystoma mexicanum) is capable of regenerating complex biological structures throughout adulthood. One of the early events during regeneration is formation of the blastema, which contains progenitor populations that will give rise to all cell types of the newly regenerated tissue. Cell tracking has demonstrated the existence of lineage-specific progenitors giving rise to corresponding regenerated tissues (1) . Concerning muscle regeneration, a previous study has shown that two salamander species, axolotl and newt (Notophthalmus viridescens), use divergent source cells during limb muscle regeneration (2) . Mature muscle fiber fragmentation and dedifferentiation occur in newt, but not in axolotl. Instead, indirect evidence implicates the use of PAX7-positive satellite cells during axolotl limb regeneration. However, direct evidence of this has been lacking due to the unavailability of a specific cell label of axolotl satellite cells. Transgenesis via random integration of plasmids, although highly efficient, has remained troublesome for genetically labeling particular cell types, such as PAX7-positive satellite cells and SOX2-positive neural stem cells due to the complexity of working with the multipartite gene regulatory regions of these genes (3) . Gene knockin approaches to drive gene expression from endogenous promoters would allow accurate genetic labeling and manipulation of defined cell types, and therefore represents an important goal.
Taking advantage of recently developed modern genome engineering technologies, including zinc finger nuclease, transcription activator-like effector nucleases, and clustered regularly interspaced short palindromic repeats (CRISPR), precise knockin of exogenous sequences into defined genomic loci has been successfully achieved in diverse model organisms, including mouse, rat, zebrafish, and Xenopus (4-11). The CRISPR/ Cas9 genome editing system consists of two components, the endonuclease Cas9 and the guide RNA (gRNA) that can create double-strand breaks (DSB) at the targeted genomic locus (12) (13) (14) . Two pathways exist to repair the DSB: nonhomologous endjoining (NHEJ) and homology-directed repair (HDR) (15) . To integrate the gene of interest into the DSB locus, homologous recombination via HDR using a targeting vector harboring the 5′ and 3′ homology arms is a common approach (15, 16) . More recently, Auer and colleagues established a homology-independent knockin method based on NHEJ that leads to more efficient insertion of the targeted gene at the site of gene lesion (6, 17) . The targeting vector for homology-independent knockin harbors a socalled "bait" sequence that can be targeted and cut by either the same gRNA for the genomic DNA or a different gRNA. The linearized targeting vector inserts into the genomic lesion created by the Cas9 endonuclease, with concomitant indels (insertions and deletions) often being generated at the integration junctions (6, 11) . Recent studies have shown that the application of purified CAS9 protein instead of Cas9 mRNA allows for the prompt formation of the gRNA-CAS9 ribonucleoprotein (RNP), which in turn leads to more efficient and rapid formation of DSBs at the targeted genomic locus (18) (19) (20) (21) . Delivery of the RNP together with the targeting construct indeed dramatically improves the knockin efficiency for generation of transgenic C. elegans, zebrafish, and primary cells in culture (7, (22) (23) (24) .
In the present study, we have established highly efficient gene knockin approaches in axolotl to integrate the Cherry reporter gene and the tamoxifen-inducible ER T2 -Cre-ER T2 encoding sequences into the Pax7 and Sox2 loci. Using F0 Pax7: ER T2 -Cre-ER T2 transgenic axolotls, we have performed genetic fate mapping of PAX7-positive satellite cells showing that these cells robustly contribute to de novo myogenesis in axolotl limb regeneration.
Significance
Salamanders have great potential to regenerate damaged organs upon injury, and thus provide an important model for understanding the mechanisms of tissue regeneration; however, genetic studies have been limited due to a lack of gene knockin strategies. In this study, we have established efficient CRISPR/Cas9 mediated gene knockin approaches in the axolotl (Ambystoma mexicanum), which has allowed us to genetically mark two critical stem cell pools for limb and spinal cord regeneration. Our genetic fate mapping establishes the role of PAX7 + satellite cells for limb muscle regeneration. This method opens up the possibility of marking and perturbing gene function inducibly in any definable cell populations in the axolotl, a key functionality required for the precise, rigorous understanding of processes such as regeneration.
Results
Knockin of a Cherry Reporter Gene into Axolotl Genomic Loci via CRISPR/Cas9-Based Homologous-Independent Integration. We first sought to insert the Cherry reporter gene into the axolotl Pax7 genomic locus ( Fig. 1 A, i and Dataset S1). We designed and synthesized three gRNAs-Pax7-gRNA#1, #2 and #3-targeting the coding sequences in Pax7 exon1, and identified the gRNA that most efficiently induced indels (SI Appendix, Table S1 ). We then coinjected Pax7-gRNA#3, together with CAS9 protein and the targeting bait construct pGEMT-Pax7-ORF a -T2A-Cherry-PA, into single-cell stage axolotl eggs (SI Appendix, Fig. S1A ). The targeting construct harbors sequentially the Pax7 ORF lacking the stop codon, designated Pax7-ORF a , as the bait sequence, along with the T2A viral peptide and the Cherry coding sequences (Fig. 1 A, ii) . The integration of the linearized targeting construct into the Pax7 genomic locus forms a new in-frame Pax7 ORF (Pax7-ORF a Δ) in which a few nucleotide modifications often occur at the integration junction, followed by the T2A and Cherry coding sequence ( Fig. 1  A, iii) . In these Pax7-Cherry knockin alleles, expression of the Cherry reporter gene is directly under the control of the endogenous Pax7 regulatory sequences.
Examination of live animals revealed CHERRY expression in the brain (Fig. 1 C, C′, D, and D′), spinal cord, and muscle ( Fig. 1 C, C′, E, E′, F, and F′) compartments, consistent with the expression of PAX7 in other vertebrate species (25) . Under higher magnification, we found that, as expected, CHERRY expression in the spinal cord was restricted specifically in the dorsal region of the cord ( Fig. 1 F and F′) . Based on the distribution of CHERRY expression, we could categorize the F0 Pax7: Pax7-ORF a Δ-T2A-Cherry axolotls as "low" "medium," or "high" transgenics, based on the uniformity of CHERRY expression in the nervous system and muscles of live animals (SI Appendix, Fig. S2 ). Among the 157 injected eggs, 20 (12.7%) of derived F0 developing larva demonstrated CHERRY expression in the expected PAX7-expressing domains (SI Appendix, Table S2 ). Most of these were classified as high or medium transgenics (SI Appendix, Table S2 ). Implementing Cas9 mRNA instead of protein or the other gRNAs yielded a lower percentage and penetrance of reporter gene knockin (SI Appendix, Tables S1 and S2).
We then assessed the faithfulness of the Cherry transgene expression in more detail using cryosections. We examined Pax7 and Cherry mRNA localization on consecutive cross-sections by in situ hybridization and observed a very close correspondence in hybridization between the two probes (SI Appendix, Fig. S1B) . At the protein level, the vast majority of CHERRY expression was found in PAX7-immunopositive cells in both the spinal cord and muscles ( Fig. 1 G and H) . Longitudinal sections of muscle showed the elongated morphology of satellite cells with long processes spreading over the outer surface of the muscle fibers (SI Appendix, Fig. S1D ). We did identify the presence of dim CHERRY signal in some PAX7
− or PAX7 Fig. 1G and SI Appendix, Fig. S1C ), and in some muscles located particularly in the peripheral underneath the skin on tail cross-sections (Fig. 1H ). Given the mRNA in situ hybridization results, these observations likely represent perdurance of protein expression in the differentiated progeny of the neural and muscle stem cells, as other experiments in our laboratory have suggested that CHERRY protein can persist for at least 2 d after extinction of mRNA. Indeed, in zebrafish, the peripheral muscle is known to be the active site of new muscle formation (26) . As described below in the characterization of Sox2: Sox2-ORFΔ-T2A-Cherry transgenic animals, our birthdating studies indicate that CHERRY is found in newly differentiated progeny of stem cells. Therefore, from the combined mRNA and protein localization data, we conclude that there is faithful expression of Cherry RNA with some persistence of CHERRY protein expression in newly differentiated daughter cells (SI Appendix, Fig. S4 ).
To check whether the homology-independent knockin approach is generally applicable in axolotl, we followed a similar strategy to insert the Cherry gene into the 3′ end of the singleexon Sox2 genomic locus ( Fig. 1 B, i) . Among three designed gRNAs (Sox2-gRNA#3, #4, and #5) against the most 3′ region of the Sox2 ORF, Sox2-gRNA#5 led to the most efficient modification at the targeted sequences (SI Appendix, Table S1 ). The targeting construct, pGEMT-Sox2-ORF-T2A-Cherry-PA, includes the Sox2 ORF lacking the stop codon as a bait sequence, followed by the T2A and Cherry coding sequences ( Fig. 1 B, ii and iii). In vertebrates, SOX2 is commonly expressed in the nervous system and is generally recognized as a neural stem cell marker (27, 28) . In live Sox2: Sox2-ORFΔ-T2A-Cherry F0 and F1 animals, we found CHERRY expression in the brain and spinal cord of the central nervous system, the lens, and the head/ tail lateral line neuromasts ( Fig. 1 I-K′ and SI Appendix, Fig. S3 A and B). In situ hybridization on tail cross-sections revealed that Cherry mRNA expression closely matched Sox2 expression in the spinal cord and the lateral line neuromasts (SI Appendix, Fig.  S3C ). Immunohistochemistry using an anti-SOX2 antibody on trunk cross-sections and whole-mount axolotls showed accurate CHERRY expression in the spinal cord SOX2-positive neural stem cells (Fig. 1 L and M) and head lateral line neuromasts (SI Appendix, Fig. S3D ). Among 310 F0 larva deriving from the injected eggs, 45 (14.5%) harbored CHERRY expression in all or most of the SOX2-expressing regions (SI Appendix, Table S2 ).
Similar to the observation in Pax7: Pax7-ORF a Δ-T2A-Cherry axolotls, we also found the presence of dim CHERRY in some TUJ-1 + spinal cord neurons in Sox2: Sox2-ORFΔ-T2A-Cherry animals (SI Appendix, Fig. S4C ). Thus, we more closely examined whether CHERRY protein expression corresponds with Cherry and Sox2 mRNA expression. We first performed in situ hybridization using DIG-labeled Cherry or Sox2 antisense RNA probes, followed by the immunohistochemical staining with an anti-CHERRY antibody on spinal cord cross sections of Sox2: Sox2-ORFΔ-T2A-Cherry animals. While the vast majority of CHERRY-positive cells showed signals for Cherry and Sox2 mRNA, we identified a few CHERRY-expressing cells that were negative for Sox2 or Cherry mRNA (SI Appendix, Fig. S4 A and  B) . To determine whether the CHERRY + /Cherry − cells represented neurons newly born from a stem cell, we pulse-labeled the Sox2: Sox2-ORFΔ-T2A-Cherry transgenic animals with EdU to label actively dividing cells in the spinal cord, which are known to express SOX2 (29) . Fixation of samples at 3 d after the EdU pulse showed that the CHERRY + /TUJ-1 + cells were labeled for EdU, indicating that the CHERRY + /TUJ-1 + cells were newly born neurons that likely inherited CHERRY expression from a SOX2-expressing stem cell (SI Appendix, Fig. S4C ).
To characterize the integration sites after targeting, we carried out genomic PCR using pairs of primers such that one primer was bound in the genome either in the Pax7 or Sox2 promoter and the other was bound in the 3′ end of the targeting cassettes ( Fig. 1 A, iii and 1 B, iii). Consistent with the observed expression, knockin axolotls were found to harbor the entire Cherry gene cassette (SI Appendix, Fig. S5A ). Sequence analysis revealed that in most of the cases, the coding sequences were maintained in-frame at the integration junctions in the F0 Cherry transgenic axolotls (SI Appendix, Fig. S5 B and C) . Moreover, the junctions were generally identical in limbs and tails in individual F0 founders, suggesting that integration occurs during early embryogenesis (three out of four; SI Appendix, Fig. S5B ). We conclude that CRISPR-mediated homology-independent knockin is an efficient method for introducing a reporter gene into a defined genomic locus in axolotl, yielding faithful expression of the transgene in the targeted cells. -Cre-ER T2 sequences is an important means of temporal and tissue-specific control of gene expression during regeneration. Transgenesis using plasmids harboring promoters driving these sequences cannot yet access all cell types, and thus knockin of such sequences into desired genes of interest is essential (2, 3) . However, targeted gene knockin becomes technically challenging with increasing size of the targeting cassette (16) . Therefore, we ascertained whether we could knockin a 5-kb insert that included the bait sequence (either a Pax7 ORF or the Sox2 ORF), followed by memCherry (a GAP43 membrane-localization sequence-tagged Cherry gene)-T2A -ER T2 -Cre-ER T2 (Fig. 2 A and B and Dataset S2). The same Pax7-gRNA#3 and Sox2-gRNA#5 as implemented above were used for targeting. Based on the memCHERRY expression combined with genotyping PCR, 4.3% (9 out of 211) and 5.8% (12 out of 207) of injected eggs showed integration of memCherry-ER T2 -Cre-ER T2 cassette in the Pax7 and Sox2 genomic loci, respectively (SI Appendix, Table S2 ). Histological examination of the F0 and F1 Pax7 integrants showed memCHERRY expression in the CNS as well (Fig. 2C and SI Appendix, Fig. S6 A-B′) , restricted particularly to the dorsal domain ( Fig. 2 C and D and SI Appendix, Fig. S6 C, C′ , and E) and in muscles (Fig. 2 C and E and SI Appendix, Fig. S6 B-C′and F) . In F0 Sox2: Sox2-ORFΔ-P2A-memCherry-T2A-ER T2 -Cre-ER T2 axolotls, CHERRY expression was observed in the CNS, the lens, and the head/tail lateral line neuromasts (SI Appendix, Fig. S6 G-H′) . Cross-sections showed colocalization of the CHERRY signal with SOX2-immunopositive spinal cord neural stem cells (Fig. 2F) . Genomic PCR followed by sequence analysis showed complete integration of the entire ER T2 -Cre-ER T2 cassette into the targeted loci (SI Appendix, Fig.  S6I ). Examples of individuals showed that three and nine nucleotide deletions resulted in one and three amino acid truncations, respectively, at integration sites (SI Appendix, Fig. S6 J and K) . Our results demonstrate that large cassettes can be inserted into defined genomic loci using CRISPR/Cas9-mediated homologyindependent integration to generate sophisticated transgenic axolotl strains. results indirectly suggest that satellite cells are the major source of de novo myofiber formation during regeneration in axolotl. The ability to insert the ER T2 -Cre-ER T2 sequences into the Pax7 locus allowed us to directly test whether satellite cells are a major source for muscle regeneration in the axolotl. To this end, we generated F0 Pax7: Pax7-ORF b Δ-P2A-memCherry-T2A-ER T2 -Cre-ER T2 ; CAGGS: LoxP-GFP-STOP-LoxP-Cherry doubletransgenic axolotls and then validated the specificity and lack of background conversion in these animals (SI Appendix, SI Results, Figs. S7-S9) .
Considering the long generation time of the axolotl, the ability to perform experiments directly on genetically modified F0 animals would be a key advantage. We aimed to test the contribution of satellite cells to limb regeneration using the F0 double-transgenic animals. We obtained strong double-transgenic animals at a frequency of 1.4% (3 of 211) due to the large targeting cassette and the fact that 50% of the injected eggs expressed the LoxP reporter transgene. To perform genetic fate mapping while preserving the valuable strong double-transgenic animals for germ line transmission, we generated six double-transgenic limbs by grafting upper limb blastemas generated from a fully characterized, strong double-transgenic animal after successive rounds of limb amputation onto normal, d/d host upper limb stumps and allowing regeneration to occur to completion (Fig. 3 A-D) . Another reason for performing blastema transplantation was to ensure that we were tracing PAX7-expressing cells that derive from the limb and not another distant source, since PAX7 is also expressed in several other cell lineages during development. In the transplanted chimeric axolotls, we did not observe any amputation-triggered spurious recombination of the LoxP cassette in the double-transgenic limbs before tamoxifen treatment (Fig. 3D) .
Subsequently, tamoxifen was administered to induce cassette conversion in satellite cells. At 2 wk after tamoxifen treatment, we amputated the limbs at lower limb level and allowed regeneration (Fig. 3A) . We first examined CHERRY expression in the removed limb piece and confirmed that cytosolic CHERRY was specifically turned on in the PAX7-positive, MHC-negative satellite cells (Fig. 3 E and F) . After 3 mo of regeneration, we observed strong CHERRY expression in the regenerated lower limbs (Fig. 3G ) that was clearly distinguished from the membrane CHERRY expression before tamoxifen treatment. Immunohistochemistry of the regenerated lower limbs showed that essentially all MHC-positive muscle fibers expressed cytosolic CHERRY (Fig. 3H) . This result demonstrates that most, if not all, of the regenerated limb muscle fibers are derived from the initially labeled cytosolic CHERRY-positive satellite cells. These results provide direct evidence that satellite cells are the direct cell source generating muscle during axolotl limb regeneration. Of the injected eggs, 5-15% of the derived larvae, depending on the size of the sequences integrated into the targeted locus, were positive for the transgene based on phenotypic and genotypic analysis. Strikingly, many of the F0 transgenic embryos exhibited uniform expression of the reporter gene in the expected tissue compartments. It has been shown that CAS9 protein dramatically improves CRISPR/Cas9-mediated knockout and knockin in several model organisms and cells in culture (7, 18-21, 23, 24) . Indeed, injection of CAS9 protein gave a higher rate of integrants and more uniform expression in F0 animals compared with injection of Cas9 mRNA. The first cell division in the fertilized axolotl eggs takes ∼6 h (30) , and it is highly likely that transgene integration often occurs in the single cell-stage axolotl egg after injection of the CAS9 gRNA/protein complex. This idea is supported by the fact that the integration junction sequences in the tail and limb are identical in most of individual F0 knockin axolotls. The establishment of the highly penetrant knockin approach in axolotl allows us to directly study F0 transgenic axolotls for biological research.
It has been shown that the gRNA design is critical for achieving highly efficient gene knockout. Genomic DNA cleavage efficiency mediated by different gRNAs targeting the same locus varies considerably in axolotl and other species (6, 31) . The mechanisms behind the variation of gRNA activity are unclear, and an effective method of predicting the best gRNA targeting to a given locus is still lacking. In zebrafish, the gRNAs that introduced a high frequency of indels were also highly efficient for knockin of exogenous sequences into the targeted locus (6) . We synthesized three gRNAs at the desired targeting loci, evaluated individual gRNA activity in vivo, and selected the best gRNAs mediating at least 90% modification at the targeting sites for the knockin experiments. Consistent with the observations in zebrafish (6), our results also show that knockin efficiency is correlated with the gRNA activity. gRNAs producing a high percentage of indels also lead to highly efficient integration of exogenous sequences at the targeting loci, and vice versa.
Overall, we have established a highly penetrant knockin approach in axolotl and used the tissue-specific-inducible Cre animals to provide direct evidence of the satellite cell origin of muscles during axolotl limb regeneration. Our studies have opened the opportunities to deeply study the mechanisms of axolotl tissue regeneration with the required precision of gene expression control.
Materials and Methods
All axolotl experiments were performed in accordance with German animal laws. Immunohistochemical analysis and in situ hybridization were conducted according to established protocols. The animal experiments, immunohistochemistry, and in situ hybridization are described in detail in SI Appendix, Materials and Methods.
DNA Constructs, CAS9 Protein, and gRNAs. Targeting constructs were obtained using Gibson assembly and classical molecular cloning methods. All gRNAs were cloned into the DR274 vector (#42250; Addgene) linearized with BbsI (32). All plasmids were verified by sequencing. CAS9 protein and gRNAs were synthesized as described previously (31, 33) . gRNA activity was evaluated by collecting and pooling the tails from at least 10 axolotl embryos injected with individual gRNA RNP complexes at the single-cell stage, followed by extraction of genomic DNA as a template for PCR. The PCR products were cloned into the pGEMT vector (Promega) and then transformed into Escherichia coli, followed by sequencing of 30-40 individual clones for gRNA evaluation. The gRNAs that mediated the greatest indel production, with at least 90% of cloned PCR products harboring modifications at the targeted sites, were used for further knockin experiments. Details of cloning, gRNA-binding sequences, and gRNA evaluation are provided in SI Appendix, Materials and Methods.
Transplantation and Tamoxifen and EdU Treatment. Before transplantation, upper limbs of donors (3-to 4-mo-old double-transgenic axolotls) were amputated and then allowed to regenerate for 6-8 d. The limb blastemas from donors were then collected and transplanted to the freshly amputated upper limb stumps of recipients of the same size, as described previously (2) . To activate ER T2 -Cre-ER T2 , 4-hydroxytamoxifen (H7904; Sigma-Aldrich) at 40 μg/g body weight was injected i.p. into axolotls. For EdU administration, 10 μg of EdU (A10044; Thermo Fisher Scientific) per g of body weight was injected i.p. daily for 3 d into 2-mo-old Sox2: Sox2-ORFΔ-T2A-Cherry axolotls.
Imaging. Bright-field and fluorescent axolotl larva, limb, and tail images were acquired with an Olympus stereomicroscope. Fluorescent images of sections were acquired with a Zeiss Axio Observer microscope or confocal microscope (LSM 700 or LSM 880 with Airyscan), using a 20× or 25× objective.
